. This complex was identified as a tRNA-dependent association of AspRS2 (TtAspRS2) and GatCAB in a 2:2:2 ratio. It was shown that transamidosome formation stabilizes interactions between subunits of GatCAB (21) and protects Asn-tRNA Asn from hydrolysis, with product release being rate-limiting (19) . In the complex, the AspRS forms a dimer with only one catalytic site active at a time (21) . It was suggested that the key advantages of asparagine formation by the transamidosome compared with separate enzymes are enhanced aspartylation of tRNA Asn and better prevention of the misacylated Asp-tRNA Asn from use in translation, because this would compromise the fidelity of protein synthesis (19) (20) (21) .
Importantly, TtAspRS2 was acquired through horizontal gene transfer from archaea (10) , and lacks the GAD domain typical of bacterial AspRSs (22) . The TtAsn-transamidosome crystal structure suggests that a complex between bacterial ND-AspRS and GatCAB should be less stable and more structurally distinct than the T. thermophilus complex, owing to the presence of the GAD domain in bacterial ND-AspRS (21, 23) . Consistent with this notion, the stable association of the Helicobacter pylori NDAspRS (HpND-AspRS) with GatCAB requires the presence of an auxiliary factor, Hp0100 (23, 24) . In the complex, the activity of the HpND-AspRS is unchanged, although the activity of GatCAB increases (23) ; however, Hp0100 is phylogenetically limited to e-proteobacteria (23) . Therefore, most bacteria have
Significance
The present structure reveals the architecture of the Pseudomonas aeruginosa bacterial-type asparagine-transamidosome, the most common macromolecular assembly required for asparaginyltRNA Asn formation in bacteria. We show that the presence of an additional GAD domain in the aspartyl-tRNA synthetase, common in most bacteria but missing in the archaeal-type Thermus thermophilus transamidosome, results in a complex with a distinct architecture and stoichiometry. Furthermore, our kinetic studies reveal that bacterial transamidosomes have distinct kinetic properties compared with the archaeal complex, with rapid release of the Asn-tRNA Asn product, leading to improved turnover by the bacterial-type aspartyl-tRNA synthetase in the complex. Overall, our study provides a structural basis for understanding tRNAdependent asparagine biosynthesis found in the in majority of bacterial species. a structurally and, possibly, functionally distinct class of transamidosomes than those described by the T. thermophilus and H. pylori complexes.
In the bacterium Pseudomonas aeruginosa, Asn-tRNA Asn formation is catalyzed by GatCAB and bacterial ND-AspRS, and thus represents the most common type of bacterial Asn-transamidosome (25) . Here we report the crystal structure of the P. aeruginosa Asntransamidosome (PaAsn-transamidosome), which represents the transamidation state of the Asn-tRNA Asn formation. The structure suggests that the additional GAD domain within the ND-AspRS changes the overall architecture of the complex relative to the previously described TtAsn-transamidosome. Consistent with the structure, our in vitro measurements show that PaAsn-transamidosome has unique kinetic properties and functions primarily to enhance tRNA Asn turnover and facilitate Asp-tRNA Asn handoff from AspRS to GatCAB.
Results
Overall Structure of the Bacterial Asn-Transamidosome. The structure of the PaAsn-transamidosome determined at 3.7-Å resolution (Table S1 ) reveals the architecture of a 413-kDa symmetric complex comprising ND-AspRS, GatCAB, and tRNA Asn in a 2:2:2 stoichiometry. Each GatCAB is bound to a different tRNA Asn and ND-AspRS, and all are related by a noncrystallographic twofold axis at the interface of the ND-AspRS monomers (Fig. 1A) . The complex is stably formed without the auxiliary factor Hp0100 (Fig.  S1 ), although an association of ND-AspRS with GatCAB is tRNAdependent, as described previously (19, 24) . Consistent with the crystal structure, an ∼400-kDa complex was detected in solution by gel filtration (Fig. S2) .
The structure reveals the interface between ND-AspRS and GatCAB. The α3 helix and β-hairpin connecting β-strands 13 and 14 in GatB contacts the C-terminal loop of ND-AspRS with an average interaction surface of ∼553 Å 2 (Fig. 1B, Fig. S3A , and Table S2 ). In addition, Arg583 and Arg585 in ND-AspRS are in a salt bridge distance from Glu236, Glu239, and Asp240 in GatB and seem to further stabilize the complex. Notably, these residues are largely conserved in organisms that use GatCAB (Fig.  S4A ) with a ND-AspRS (Fig. S4B) , suggesting a common mode of GatB-ND-AspRS interaction across bacterial species.
The two tRNA Asn molecules are bound to the complex in an identical manner (Fig. 1C) . The ND-AspRS anticodon-binding domain (ABD) recognizes the anticodon of the tRNA, whereas the 3′ CCA terminus of tRNA Asn is accommodated by the active site of GatCAB with the tRNA Asn U1-A72 base pair near the 3 10 turn in the GatB cradle domain. Consistent with previous studies, recognition of the U1-A72 base pair by the 3 10 turn enables the bacterial AdT to distinguish its tRNA substrates (tRNA Asn and tRNA Gln ) from tRNA Asp and tRNA Glu (21, (26) (27) (28) . As seen in the Staphylococcus aureus GatCAB structure (27) , the tail domain of GatB is positioned to size the D-loop of the tRNA, another major tRNA recognition element of bacterial GatCAB (26, 28) . Accordingly, the structure likely represents the transamidation state of the bacterial Asn-transamidosome.
Unique Structural Features of the Bacterial Asn-Transamidosome.
The key difference between bacterial and archaeal-type transamidosomes is the presence of an additional GAD domain in the ND-AspRS proteins. The structural superposition of the PaAsntransamidosome with the TtAsn-transamidosome (21) reveals how the GAD domain alters the overall architecture of the bacterial complex.
The previously described TtAsn-transamidosome comprises two dimers of the archaeal type TtAspRS2, two GatCABs, and four tRNA Asn molecules, although one TtAspRS2 dimer seems to dissociate from the complex in solution, according to small angle X-ray scattering analysis (21) . The structure likely represents a transitional step in Asn-tRNA Asn formation. It was initially proposed that tRNA-dependent Asn biosynthesis in T. thermophilus requires binding of two tRNA molecules to the TtAspRS2 dimer (21). Two GatCAB molecules are then recruited and induce conformational changes in the TtAspRS2 dimer in such a way that makes only one TtAspRS2 monomer active at a time. In this complex, one tRNA molecule ( cat tRNA Asn ) is bound to the active TtAspRS2 monomer to be aspartylated ( Fig.  2A) , whereas the other tRNA molecule ( scaf tRNA Asn ) binds to the inactive monomer and plays the role of a scaffold that stabilizes the complex. In agreement with the structure, TtAspRS2 activity in the TtAsn-transamidosome has biphasic kinetics, with only onehalf of the catalytic sites active at a time (19, 21) .
We show that, unlike the TtAsn-transamidosome, the PaAsntransamidosome comprises only one ND-AspRS dimer bound to two tRNA Asn molecules and two GatCAB molecules (Fig. 1A ). Both tRNA molecules adopt a uniform cat tRNA Asn conformation, suggesting that both ND-AspRS monomers can be active at the same time. The differences between the two Asn-transamidosomes likely are related to the bacteria-specific GAD insertion domain. Superposition of the ND-AspRS in the PaAsn-transamidosome and TtAsn-transamidosome reveals a steric clash between the GAD domain of the PaND-AspRS and the TtGatCAB (Fig.  2B ). In the PaAsn-transamidosome, the PaGatCAB bends away from the rest of the complex to accommodate the PaND-AspRS GAD domain. This particular orientation of GatCAB in the PaAsn-transamidosome enables both tRNA Asn molecules bound to the ND-AspRS dimer to adopt cat tRNA Asn conformations. The lack of a GAD insertion in the TtAspRS2 allows the TtGatCAB to bend toward the catalytic core of TtAspRS2, facilitating the binding of one tRNA
Asn in the scaf tRNA Asn confirmation (21 Asn for protein synthesis. In agreement with the results of the protection assay, we did not detect burst phase kinetics with the PaAsn-transamidosome that had been observed with the TtAsn-transamidsome (19, 21) . The association of GatCAB with ND-AspRS did increase NDAspRS turnover by 3.2-fold; however, the presence of GatCAB also increased the K m of ND-AspRS for tRNA
Asn by a similar factor, leading to no difference in ND-AspRS catalytic efficiency (Table 1) . Taken together, the kinetic data show that the PaAsn-transamidosome can readily release Asn-tRNA Asn after its formation. This biochemical property may be a reflection of the GAD insertion rather than the lack of scaf tRNA Asn to stabilize the complex. We attempted to determine whether the bacterial Asn-transamidosome can behave like the archaeal Asn-transamidsome when the GAD insertion domain is deleted. Unfortunately, none of the PaND-AspRS deletion mutant constructs (including a replacement of the GAD domain with the loop found in TtAspRS2) produced sufficient protein amounts for analysis. Table S1 ). Overall, the PaND-AspRS:tRNA Asn binary complex is similar to the Escherichia coli D-AspRS (EcD-AspRS) enzyme bound to tRNA Asp (PDB ID code 1C0A) (29) and reveals subtle differences in the tRNA structures that may explain tRNA specificity of the enzyme (SI Text and Figs. S5-S7).
The 3′ CCA ends of both tRNA Asn molecules bound to the PaAsn-transamidosome are positioned at the GatCAB transamidase active site. However, for tRNA-dependent Asn biosynthesis, the tRNA first must be aspartylated by ND-AspRS. Thus, the 3′ end must bind in the ND-AspRS active site and then flip ∼40 Å up into the GatCAB catalytic site after Asp-tRNA Asn formation. To clarify how the ND-AspRS accommodates the shifting of the CCA tRNA Asn terminus, we superposed the PaND-AspRS bound to tRNA Asn onto that in the PaAsn-transamidosome, with respect to the ABD (Fig. 4A ). This superposition revealed that when the tRNA acceptor end flips from the active site of ND-AspRS to GatCAB, the catalytic domain shifts backward away from the tRNA. The shift is possible because of a hinge between the ABD and catalytic domain of ND-AspRS. In addition, the GAD insertion and helix bundle appends to the catalytic domain shift to open up the PaND-AspRS catalytic site ( Asn in the TtAsn-transamidosome is represented by a red dotted circle. The structure of the TtAsn-transamidosome is rotated 180°from A along the axis parallel to the paper surface. Table 1 . Kinetic data for Asp-tRNA Asn formation by P. aeruginosa ND-AspRS
Measurements are from three separate experiments. Reactions with P. aeruginosa ND-AspRS (5 nM) were carried out at 37°C in the presence of excess ATP (4 mM), Asp (3.3 mM), and Gln (2 mM), as described in Materials and Methods. The concentration of tRNA Asn varied between 0.1 and 10.1 μM. *GatCAB (2.0 μM) was added to the reaction mixture. movement of the tRNA Asn 3′ CCA end during the transition from the aminoacylation to transamidase state (Fig. 4C) . Superposition of the T-arms of the tRNA in the two states revealed rearrangements within the tRNA Asn D-loop ( Fig. 4D and Fig. S3  B and C) . The shift results in C17 being flipped out of the D-loop and U20 pointing down toward the anticodon instead of up toward the TΨC-loop. Accordingly, G18 is shifted so it no longer hydrogen-bonds with U55. Similar structural changes are seen in the GatDE-tRNA Gln structure (17) .
Bacterial Asn-Transamidosome Structure Reveals the GatCAB Transamidation State. With the tRNA Asn 3′ end bound in the GatCAB active site, the PaAsn-transamidosome likely represents the transamidation state of the complex. Apart from association with ND-AspRS, bacterial GatCAB can form a ternary complex with ND-GluRS and tRNA Gln , known as a Gln-transamidosome and typical of organisms lacking a GlnRS (30, 31) . In the Thermotoga maritima (Tm) Gln-transamidosome structure (30) , the tRNA Gln 3′ end is bound in the GluRS active site, and the GatCAB tail domain is associated with the D-loop of the tRNA. The structure likely represents the aminoacylation state of the bacterial GatCAB in a transamidosome.
To reveal the structural differences between GatCAB in the aminoacylation and transamidation states, we superposed GatB in the PaAsn-transamidosome with the subunit in the TmGlntransamidosome (30) and the unbound S. aureus GatCAB structure (27, 28) with respect to the GatB helical domain. As was seen in the TmGln-transamidosome (30), we found two hinge regions in the PaGatB, between the helical domain and the cradle and tail domains (Fig. 5) . In both transamidosomes, the GatB tail domain is curled toward the GatB helical and cradle domains compared with the unbound structure, enabling the AdT subunit to bind to the tRNA D-loop. The movement is facilitated by the flexibility of the hinge between the helical and tail domains. In the TmGlntransamidosome, the GatB cradle domain is turned up away from the other two domains to facilitate binding of the acceptor stem of the tRNA in the GluRS active site (30) . Similar positioning by the PaGatB would help accommodate the tRNA Asn 3′ end bound in the ND-AspRS active site (Fig. 3A) . In the transamidation state of the PaAsn-transamidosome, the GatB cradle domain is curled toward the helical domain, although not to the same extent as the unbound GatCAB. The positioning allows GatB to bind the tRNA acceptor stem.
Discussion Complexes of Translation Components for Improved Protein Synthesis.
Multi-aaRS complexes, or complexes of aaRSs with other translation machinery components, are known in all domains of life (32) . Such higher-order structures have been shown to contribute to translational fidelity and to increased catalytic efficiency of aaRS reactions (33) (34) (35) . The allure of substrate channeling (36) , preventing the participation of misacylated aminoacyl-tRNA in protein synthesis, led to the suggestion of a multienzyme complex for tRNA-dependent Gln-tRNA synthesis (18) . This has been borne out by detailed analyses of Gln-tRNA and Asn-tRNA formation by transamidosomes in bacteria and archaea (this work and refs. 19 and 30), although exceptions might exist (37) . The transamidosome architecture nicely explains substrate channeling and efficient aa-tRNA formation by the transamidation route. Another multimeric complex (consisting of SepRS, SepCysS, 
SepCysE, and tRNA
Cys ) is essential for Cys-tRNA formation in methanogens (38) . It is likely that the tRNA-dependent selenocysteine pathway also may involve a complex of tRNA Sec , SerRS, PSTK, and SepSecS (39).
Bacterial tRNA-Dependent Asn Biosynthesis. Taken together, our data suggest that tRNA-dependent Asn biosynthesis in bacteria (Fig. 6) is overall analogous to Gln-tRNA Gln formation by the TmGln-transamidosome (30) . At the initial step, the PaNDAspRS binds tRNA Asn with its anticodon positioned in the enzyme's binding domain and the tRNA Asn 3′ end positioned in the enzyme's active site, as seen in the cocrystal structure of PaND-AspRS complexed with tRNA Asn . The GatB tail domain binds the tRNA's D-loop to distinguish tRNA Asn from tRNA Asp , with the GatB cradle domain turned away from the complex to accommodate the tRNA acceptor stem bound in the ND-AspRS active site, as observed in the TmGln-transamidosome aminoacylation state (Fig. 6A) . Aspartylation of the 3′-CCA terminus of tRNA Asn occurs in the aminoacylation state of the bacterial Asn-transamidosome. Asp-tRNA Asn formation triggers a conformational shift of the ND-AspRS GAD insertion and that catalytic domain and helix bundle appended to the catalytic domain. By opening up the ND-AspRS active site, this intermediate state facilitates the dissociation of the tRNA acceptor stem from ND-AspRS and a flipping up toward GatCAB (Fig.  6B) . Finally, GatCAB, in particular the GatB cradle domain, moves into position to bind the tRNA Asn acceptor stem and adopt the transamidation state seen in the PaAsn-transamidosome crystal structure (Fig. 6C) . The 3 10 turn in the GatB cradle domain selectively binds the tRNA Asn U1-A72 base pair; this provides a second check to ensure that Asp-tRNA Asn is amidated and not Asp-tRNA Asp (21, (26) (27) (28) . Now the tRNA Asn -bound Asp is positioned in the GatCAB transamidase active site for amidation. Following Asn-tRNA Asn production, the complex dissociates, releasing Asn-tRNA Asn , consistent with the complex's inability to protect Asn-tRNA Asn from hydrolysis. Given that the association of the PaGatCAB and PaND-AspRS is tRNA-dependent, GatCAB is also likely released from ND-AspRS when Asn-tRNA Asn dissociates.
Evolution of Asn-Transamidosomes. In archaea, GatCAB is used only for Asn-tRNA Asn formation as GatDE forms Gln-tRNA Gln (16, 17) . Both AdTs likely were present in early archaea (40) . The specificity of archaeal GatCAB for Asn-tRNA Asn synthesis might have enabled archaeal AspRS to coevolve with the AdT to form a thermostable complex in which GatCAB is not released following Asn-tRNA Asn synthesis. This stability likely was facilitated by the archaeal AspRS not retaining the GAD insertion domain found in bacterial-type AspRS. The thermostability of the archaeal complex may explain why T. thermophilus acquired an archaeal-type AspRS for tRNA-dependent Asn biosynthesis instead of using the bacterial-type AspRS that it also encodes in its genome (19, 21, 22, 41) .
Early bacteria likely emerged from the last universal common ancestral state (LUCAS) with just one AdT-GatCAB-for both Gln-tRNA Gln and Asn-tRNA Asn formation (40) . After AsntRNA Asn formation in early bacteria, the release of GatCAB from bacterial ND-AspRS might be have been beneficial, because the free GatCAB could easily be repurposed for GlntRNA Gln formation with GluRS. In that context, acquisition of the GAD insertion domain by bacterial AspRS might have facilitated GatCAB release from the Asn-transamidosome to better enable early bacteria to use GatCAB for both GlntRNA Gln and Asn-tRNA Asn formation. Consistent with this idea, the GAD insertion was likely acquired early on in bacterial AspRS evolution and coevolved for an extended time with the rest of the enzyme (SI Text and Fig. S8) .
In H. pylori, Hp0100 stabilizes GatCAB association with bacterial ND-AspRS even in the absence of tRNA Asn (23) . H. pylori also encodes two GluRS enzymes, with the second (GluRS2) complexing with GatCAB for Gln-tRNA Gln formation (31, 42, 43) . Hp0100 and GluRS2 may be adaptations to better regulate the dual functions of HpGatCAB. In P. aeruginosa, which acquired GlnRS and uses GatCAB for only Asn-tRNA Asn synthesis (25) insertion in AspRS may be a remnant the coevolution of the protein domains in early bacteria. The insertion domain may still be selected for to allow proper folding of PaND-AspRS and to enable simultaneous activity of both monomers of ND-AspRS in the complex, thereby improving ND-AspRS turnover of tRNA Asn . This coevolution may be preventing the generation of stable GAD domain deletion mutant PaND-AspRS enzymes.
Because the PaAsn-transamidosome allows Asp-tRNA Asn to be directly handed off from ND-AspRS to GatCAB, the misaminoacylated tRNA is protected from deacylation and use in protein synthesis, where it may compromise the fidelity of translation. Accordingly, under certain conditions, the complex of ND-AspRS with GatCAB may be less prone than AsnRS to mischarged tRNA formation (8) . In addition, the Asn-transamidosome allows P. aeruginosa to directly and efficiently couple the biosynthesis of Asn with its use in translation. As such, a similar complex between ND-AspRS and ancestral GatCAB pre-LUCAS might have enabled the addition of Asn to the genetic code (44) .
Materials and Methods
Preparation of the PaAsn-transamidosome and PaND-AspRS:tRNA Asn , protrudes from the D-loop (Fig.  S5B) . The nucleotide serves as an antideterminant for GatCAB recognition (1) (Fig. S6 A and B) .
In the anticodon loop, bacterial tRNA Asp and tRNA Asn also differ in position 38. His31 in PaAspRS makes stacking interactions with A38 in tRNA Asn (Fig. S6C) . The His31 residue also could make similar interactions with C38 of tRNA Asp . In the EcD-AspRS (2), the residue is replaced with Leu30, which can form a hydrophobic interaction with C38 in tRNA Asp (Fig. S6D ), but likely weakens the interaction with A38 in tRNA Asn owing to distance. Superposition of EcD-AspRS on PaND-AspRS: tRNA Asn with respect to the ABD reveals distances of 3.5 Å between the side chain of His31 and A38 and 3.8 Å between Leu30 and A38 (Fig. S6C) . Accordingly, replacement of His31 with Leu in PaND-AspRS increases the specificity for tRNA Asp by 3.5-fold (3). The role of Gly83, previously implicated in tRNA Asn recognition, is not clear (3) . Its main chain carbonyl oxygen is located 3.3 Å from the O4 of U36. The conformation of the terminal tRNA Asn A76 in the PaND-AspRS:tRNA Asn binary complex also differs from the A76 of the EcD-AspRS: tRNA Asp (2) and the EcD-AspRS binds to yeast tRNA Asp , likely owing to the absence of aspartyl-adenylate in the PaND-AspRS: tRNA Asn structure (Fig. S7) .
Evolution of the GAD Insertion. Bacterial AspRS contains a GAD insertion domain not found in the eukaryotic and archaeal-type AspRS enzymes (4) . The E-subunit of the archaeal tRNAdependent amidotransferase also contains the GAD insertion domain (5) . In GatE, the domain is proposed to facilitate GatDE binding with GluRS and prevent association with AspRS (6). To better understand the evolution of the GAD domain, we examined the phylogenetic relationship between GAD insertions from bacterial AspRS and archaeal GatE. The resulting phylogenetic tree shows a clear divide between the bacterial AspRS and archaeal GatE (Fig. S8) . The bacterial AspRS insertion phylogeny is generally congruent with the catalytic core of bacterial AspRS (7) . Similarly, the phylogeny of the insertion in GatE is congruent with the unique core phylogeny of GatE (8) . These results suggest that the GAD domain was acquired early on in the evolution of the two enzymes. AspRS likely acquired the GAD insertion in early bacteria, explaining its absence of archaeal and eukaryotic AspRS, and why all bacterial AspRSs have the domain. Thus, for bacterial AspRS, the GAD domain likely coevolved with the rest of the AspRSs for a significant period. In a similar fashion, the GAD insertion was acquired in GatE in early archaea emerging from the last universal common ancestor.
SI Materials and Methods
Protein Overproduction and Purification. The P. aeruginosa GatCAB was overproduced in E. coli B834 (DE3)-pRARE2 cells with a N-terminal His 6 -tag and purified as described previously (9) . P. aeruginosa ND-AspRS was overproduced in E. coli B834 (DE3)-pRARE2 cells with a N-terminal His 6 -tag and purified as described previously (9) . To minimize the toxicity of the NDAspRS, S. aureus GatCAB was coproduced with the ND-AspRS.
In Vitro tRNA
Asn Transcription. The P. aeruginosa tRNA Asn was in vitro transcribed and purified on a Resource Q column as detailed previously (9) .
Structure Determination and Refinement of PaAsn-Transamidsome.
The PaAsn-transamidsome was formed by mixing equimolar amounts of ND-AspRS dimer, GatCAB, and tRNA Asn as described previously (9) . Crystallization conditions were as described previously, along with cryoprotection of the crystals. Diffraction data collection, phase determination, and initial refinement were reported previously (9) . Here we reprocessed the data using XDS (10) for higher-resolution data (Table S1 ). We performed further structure refinement using phenix.refine (11) and autoBUSTER (12) with noncrystallographic symmetry and secondary structure restraints. The resultant model was refined manually with Coot (13) . The tRNA molecule models were rebuilt and fitted automatically using LAFIRE_NAFIT (14, 15) . After several cycles of refinement, R work and R free factors converged to 29.21% and 32.95%, respectively (Table S1 ).
Crystallization and Structure Determination of ND-AspRS:tRNA Asn Binary Complex. Although the samples were prepared as done for the Asn-transamidosome, the ND-AspRS:tRNA Asn binary complex crystals were serendipitously obtained from buffer containing 1.4 M trisodium citrate pH 6.7 and soaked with cryoprotectant consisting of reservoir solution containing 8% glycerol for diffraction experiments. The diffraction dataset was collected on beamline BL44XU at SPring-8 (Proposal 2012B6750) using a wavelength of 0.9000 Å. All diffraction data for the Asn-transamidosome and ND-AspRS:tRNA Asn binary complex were indexed, integrated, scaled, and merged using XDS (10) . The initial phase for ND-AspRS:tRNA Asn binary complex was determined by the molecular replacement method using Phaser (16) with the structure of the D-AspRS:tRNA Asp complex from E. coli (PDB ID code 1COA) (2) as a search model. The initial model was refined manually with Coot (13) . Further structure refinement was performed using phenix.refine (11) and autoBUSTER (12) with secondary structure restraints. The models of tRNA molecule were rebuilt and fitted automatically using LAFIRE_NAFIT (14, 15) . After several cycles of refinement, R work and R free factors converged to 18.94% and 22.44%, respectively (Table S1 ).
Gel-Shift Assay. The gel-shift assay was performed in 6 μL of reaction mixture containing 20 mM Hepes-NaOH pH 7.5, 5 mM MgCl 2 , 5% glycerol, 1 mM DTT, 20 or 40 μM enzymes, and 20 μM in vitro transcribed tRNA Asn . Reaction mixtures were incubated at 25°C for 30 min; loaded on a 5% nondenaturing polyacrylamide gel composed of 43 mM imidazole, 35 mM Hepes, 10 mM magnesium acetate, and 1 mM DTT; and then run at 277 K for 3 h at a constant 60 V. The gel was stained with ethidium bromide. Asn with or without 2 μM PaGatCAB were preincubated at 37°C before the addition of 5 nM PaND-AspRS. The tRNA Asn was 32 P-labeled as described previously (18) . Time courses were over 2 min. Reactions were repeated three or four times. Time points were quenched, digested, separated by TLC, processed, and analyzed as described previously (17, 18) . Steadystate kinetic parameters were determined by plotting the initial velocity vs.
[tRNA] and fitting to a Michaelis-Menten curve using Kaleidagraph (Synergy Software).
Protection Assay. Asp-tRNA Asn and Asn-tRNA Asn were generated as described above with minor modifications. In brief, for Asp-tRNA Asn production, L-Gln and GatCAB were omitted and 2 μM PaND-AspRS was added. For Asn-tRNA Asn production, 2 mM L-Gln was added along with 2 μM PaND-AspRS and 10 μM GatCAB. The aminoacylated tRNA species were processed as described previously (19) . Protection assays were carried out in 50 mM Hepes-KOH pH 7.2, 25 mM KCl, 15 mM MgCl 2 , 5% glycerol, 5 mM DTT, 0.1 mg/mL BSA, and either 171 nM AsptRNA Asn or 144 nM Asn-tRNA Asn in the presence of 2 μM PaND-AspRS and/or 2 μM PaGatCAB, or no enzyme. Reactions were incubated at 37°C for up to 300 min. Time points were quenched, digested, separated by TLC, processed, and analyzed as described previously (17) (18) (19) .
Phylogenetic Calculations. Bacterial AspRS and archaeal GatE sequences were downloaded from the National Center for Biotechnology Information's nonredundant database. The GAD insertion domain sequences were initially aligned using ClustalW in Geneious v.4.7.4 and then manually refined in Geneious. Phylogentic analyses in Phyml (20) were performed as described previously using a BioNJ-generated starter tree (21, 22) . The search was done as described previously using the SPR algorithm, with optimization using the NNI algorithm (21, 22) . The asymmetric unit contains four GatB, two ND-AspRS dimer, and four tRNA Asn molecules. To discriminate biological interface from crystal contacts, we calculated the buried surface area between each pair of GatB and NDAspRS dimers by PISA (1) . Values in the table are given in Å 2 . The first value in bold represents the contacts referred to in Fig. 1B , and the second value represents any other contacts, including the crystal packing. There are two major reasons why we consider these contacts (in bold) as a biological interface: (i) They are GatB/ND-AspRS pairs with the highest contact surface, and (ii) they are the neighboring GatB/ND-AspRS pairs in the crystals connected by a tRNA Asn molecule, in agreement with biochemical and structural data. 
